Human galanin is a 30 amino acid neuropeptide that elicits a range of biological activities by interaction with G proteincoupled receptors. We have generated a model of the human GALR1 galanin receptor subtype (hGALR1) based on the alpha carbon maps of frog rhodopsin and investigated the significance of potential contact residues suggested by the model using site-directed mutagenesis. Mutation of Phe186 within the second extracellular loop to Ala resulted in a 6-fold decrease in affinity for galanin, representing a change in free energy consistent with hydrophobic interaction. Our model suggests interaction between Phe186 of hGALR1 and Ala7 or Leu11 of galanin. Receptor subtype specificity was investigated by replacement of residues in hGALR1 with the corresponding residues in hGALR2 and use of the hGALR2-specific ligands hGalanin(2-30) and [D-Trp2]hGalanin(1-30). The His267Ile mutant receptor exhibited a pharmacological profile corresponding to that of hGALR1, suggesting that His267 is not involved in a receptor-ligand interaction. The mutation Phe115Ala resulted in a decreased binding affinity for hGalanin and for hGALR2-specific analogues, indicating Phe115 to be of structural importance to the ligand binding pocket of hGALR1 but not involved in direct ligand interaction. Analysis of Glu271Trp suggested that Glu271 of hGALR1 interacts with the N-terminus of galanin and that the Trp residue in the corresponding position in hGALR2 is involved in receptor subtype specificity of binding. Our model supports previous reports of Phe282 of hGALR1 interacting with Trp2 of galanin and His264 of hGALR1 interacting with Tyr9 of galanin.
Introduction
The neuropeptide galanin is widely expressed in the nervous system and has effects on a number of important physiological, behavioural and cognitive processes. Specific effects of the peptide include modulation of pituitary and glucoregulatory hormone secretion, inhibition of the release of neurotransmitters that play a role in memory acquisition and contribute to anoxic damage in the brain, modulation of appetite and sexual behaviour, and effects on pain, gastrointestinal motility, heart rate, blood pressure and growth of neuroendocrine and cancer cells (Crawley, 1995; Iismaa and Shine, 1999) . This broad range of effects suggests significant therapeutic potential for agents that are specific for discrete biological effects of galanin.
Galanin comprises 29-30 amino acids (Iismaa and Shine, 1999; Wang et al., 1999a,b) and elicits its biological effects by interaction with receptors belonging to the family of rhodopsin-like seven transmembrane (TM) domain G proteincoupled receptors (GPCRs). Three galanin receptor subtypes, designated GALR1, GALR2 and GALR3, have been identified by molecular cloning (Habert-Ortoli et al., 1994; Howard et al., 1997; Wang et al., 1997) and each exhibits a distinctive pharmacological profile and differential capability for activation of intracellular second messenger signalling cascades. Galanin binds to cloned GALR1 with high affinity (K d ϭ 0.02-0.8 nM), with the first two N-terminal residues of galanin, Gly1 and Trp2, required for high-affinity binding to this receptor subtype (Parker et al., 1995; Sullivan et al., 1997; Fathi et al., 1998) . GALR2 has 40% overall amino acid identity with GALR1. It binds galanin with high affinity (K d ϭ 0.12-0.59 nM), but in contrast to GALR1, also has high affinity for the N-terminally truncated peptide galanin(2-30) (Bloomquist et al., 1998) and is the only galanin receptor subtype cloned to date that binds the analog galanin (Smith et al., 1997) . Both GALR1 and GALR2 bind the truncated peptide comprising only the first 16 residues of galanin [galanin(1-16) ], but at lower affinity than they bind full-length galanin (Fathi et al., 1998) . GALR3 may be distinguished from GALR1 by a higher affinity for galanin(2-30) (Wang et al., 1997) and from GALR2 by a lower affinity for galanin(1-16) (Wang et al., 1997; Smith et al., 1998) . The residue Asn18 of galanin is critical for high-affinity binding of galanin to GALR3, but the C-terminal half of galanin exhibits non-conservative substitution across species and does not appear to play a significant role in galanin binding to GALR1 and GALR2 (Wang et al., 1997) .
Ala scanning mutagenesis of the galanin peptide has identified the residues Trp2, Asn5 and Tyr9, together with Leu10 and Leu11, as being critical for binding of the peptide to receptor populations (Bartfai et al., 1993) . These residues are located within the N-terminal half of the peptide, the sequence of which is remarkably well conserved across vertebrate species. Structural analyses have provided evidence for galanin adopting an α-helical conformation in secondary structureinducing solvents, such as 2,2,2-trifluoroethanol (TFE) (Wennerberg et al., 1990) , while significant short-range structure, including adoption of nascent helical structure by the region spanning residues Thr3 to Leu11, has been observed in aqueous solution (Morris et al., 1995) . This region corresponds to two turns of a helix and would place the critical pharmacophores in the N-terminal half of galanin on one face of the folded peptide. Previous site-directed mutagenesis studies of the human GALR1 galanin receptor (hGALR1) have indicated that mutation of the residues Phe115, His264, His267, Glu271 and Phe282 results in major changes in binding affinity for galanin. Specific interactions of the residues Phe115, His264 (or His267) and Phe282 of galanin with residues Gly1, Trp2 and Tyr9 of GALR1, respectively, have been suggested on the basis of correlation of the results of site-directed mutagenesis analyses with a three-dimensional molecular model of hGALR1 that was generated using the seven TM bacterial protein bacteriorhodopsin as a template for homology modelling (Kask et al., 1996; Berthold et al., 1997) .
While the interactions previously identified may account for a great deal of the affinity of galanin for hGALR1, as galanin is a large and flexible peptide, further interactions of a weaker nature that contribute to the high-affinity binding of galanin are predicted to occur. Indeed, data obtained from mutagenesis studies of a number of neuropeptide receptors, such as neurokinin type 1 (Fong et al., 1992a,b) and 2 , angiotensin II (Hjorth et al., 1994) , NPY Y1 (Walker et al., 1994) and cholecystokinin type A and B (Silvente-Poirot et al., 1998) receptors, indicate that not only TM domains are involved in agonist binding, but that a number of receptorligand interactions take place in the extracellular domains of these receptors. The neurokinin 1 receptor, for example, is suggested to have at least 10 residues that are required for agonist binding . It is proposed that galanin will cover a large surface of hGALR1 upon binding and interact with regions at the top of TM domains in addition to extracellular domains of the receptor.
To facilitate identification of residues of hGALR1 that may be involved in such interactions, we have generated a threedimensional model of hGALR1 based on the electron density maps originating with the GPCR frog rhodopsin (Unger and Schertler, 1995; Baldwin et al., 1997) . The sequence homology to galanin receptors of rhodopsins for which structural information is available (Schertler et al., 1993; Schertler and Hargrave, 1995; Davies et al., 1996; Palczewski et al., 2000) is considerably more significant than that of bacteriorhodopsin, which is a prokaryotic seven-TM proton pump. The model we have developed, which represents the conformation of receptor and ligand adopted or induced upon ligand binding, suggests different and additional sites of interaction than those previously reported. We have used site-directed mutagenesis of hGALR1 to test the predictions of our model and have extended our analyses to identify receptor residues that confer receptor subtype selectivity for a limited number of subtype-specific ligands that have been identified to date.
Materials and methods

Molecular modelling
All modelling, all analysis and most visualization were performed on Silicon Graphics Power Indigo 2 workstations (R8000 and R10000). C α coordinates for a consensus template of bovine rhodopsin were provided by J.M.Baldwin. The alignment used for all analysis of the TM regions of the rhodopsin-like GPCR subfamily was a subset of 199 unique rhodopsin-like GPCR sequences derived from the alignment of 493 unique GPCR sequences , also provided by J.M.Baldwin. All examination of model stereochemical quality was performed for full molecular models using PROCHECK (v3.0) (Laskowski et al., 1993a; Wilson, et al., 1998) by comparison with medium resolution (3.5 Å) experimental structures (Morris et al., 1992; Laskowski et al., 1993b; Karplus, 1996) . The analysis included examination of bond lengths, bond angles, torsional angles, side chain 314 planarity and bad interatomic contacts. Energy minimization was used to refine model stereochemistry and molecular dynamics protocols and to allow for exploration of the available conformational space. This consisted of 200 steps of steepest descent minimization, followed by 2000 steps of conjugant gradient minimization, followed by 8000 steps of dynamics in which the temperature was taken from 298 to 598 K in the first 2000 steps, equilibrated over 1000 steps and slow cooled for 5000 steps to 298 K. The initial two energy minimization steps were employed after the dynamics phase. All sequence analyses and molecular mechanics were performed using the InsightII 95.5 Biopolymer and Discover 3 modules (Molecular Simulations, San Diego, CA) and the AMBER 4.0 molecular forcefield (Cornell et al., 1995) .
Conversion from C α coordinates to a full protein structure with backbone atoms and side chain Cα-Cβ vector specification was achieved using the Backbone command (Molecular Simulations). Homology between template and target was assessed in terms of primary sequence identity, hydropathic similarity and receptor hydropathy profiles. Individual alignments were performed on the TM domains of bovine rhodopsin, hGALR1 and hGALR2 and sequences were re-aligned manually with the highly conserved residues forming a 'footprint' characteristic of the rhodopsin-like GPCR subfamily (Oliveira et al., 1993; Baldwin et al., 1997) . Except where stated otherwise, all comparative modelling procedures were performed using InsightII 95.5 (Molecular Simulations) and the associated Biopolymer, Discover 3 and Homology modules.
Two methods were used for construction of variable regions in proteins: first, random generation of loop atoms in torsional space (Fine et al., 1986) , and second, the 'fitting' of protein fragments of known structure and appropriate length on to the flanking elements of secondary structure (Jones and Thirup, 1986; Fidelis et al., 1994) . Both of these methods were applied to loop building, as implemented in InsightII 95.5 Homology (Molecular Simulations). Side chain positioning was performed using the program SCWRL incorporating a method based on a backbone-sensitive library of potential rotamers (Dunbrack and Karplus, 1994; Dunbrack and Cohen, 1997) . Docking of ligand was acheived by placing the galanin molecule at the binding site and the energy minimization/dynamics protocol (described above) was used. The hGALR1-galanin distances used to determine the possible significance of binding residues are for non-hydrogen atoms only.
Generation and site-directed mutagenesis of the hGALR1-FLAG construct (hGALR1-fl)
The FLAG epitope (DYKDDDDK; International Biotechnologies, New Haven, CT) was inserted into the coding sequence of hGALR1 between nucleotides 69 and 70 (amino acid residues 23 and 24) by amplification of a fragment from cloned hGALR1 plasmid DNA (Nicholl et al., 1995) using the polymerase chain reaction (PCR) primers: 5Ј-CTTGCA-GCGGCCGCCACCATGCTG-3Ј and 5Ј-CTTGTCATCGTC-GTCCTTGTACTGGGGCTCGGC-3Ј, followed by ligation to the remainder of the coding sequence. This construct (hGALR1-fl) was originally generated in the plasmid vector pREP8 (Invitrogen, San Diego, CA) and was subsequently cloned into the plasmid vector pRc/CMV (Invitrogen). Mutagenesis of hGALR1-fl coding sequence was performed using the QuikChange Site-directed Mutagenesis Kit (Stratagene, La Jolla, CA) according to the manufacturer's directions. The presence of the correct mutation and the absence of PCR-derived alterations to the coding sequence were confirmed by completely sequencing both strands of each receptor construct. Stable expression of receptor constructs in CHO.K1 cells CHO.K1 cells were transfected with the original and mutant hGALR1-fl coding sequence using the calcium phosphate precipitation method (Sambrook et al., 1989) . Cells that had stably integrated foreign DNA into their genome were selected by their ability to confer resistence to G418 (Gibco-BRL, Gaithersburg, MD; 400 µg/ml in medium) and clonal cell lines were established by dilution cloning. Membrane preparation and radioligand binding assays Confluent monoloayers of cells were chilled on ice, washed twice with 10 ml of ice-cold phosphate-buffered saline (PBS) and scraped off the tissue culture flask surface into 12 ml of ice-cold 25 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 . The cells were homogenized and the preparation was centrifuged at 35 000 g for 15 min at 4°C. The membrane pellet was resuspended in 1-2 ml of ice-cold 25 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 and 100 µl aliquots were snap frozen in liquid nitrogen and stored at -80°C until use. The protein concentration of each cell line membrane preparation was measured using the Bio-Rad Protein Assay dye reagent concentrate (Bio-Rad Laboratories, Hercules, CA) with γ-globulin as standard.
Cold saturation binding assays were carried out in assay buffer [25 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , bacitracin (1 mg/ml), leupeptin (2 µg/ml), 100 µM phenylmethylsulfonyl fluoride (PMSF) and 1% (w/v) bovine serum albumin (BSA)] containing 25 pM 125 I-labelled porcine galanin (pGalanin) and increasing concentrations (0.0001-100 nM) of unlabelled human galanin (hGalanin) with 2-12 µg of membrane protein in a final volume of 250 µl. Non-specific binding (NSB) for each assay was determined by the addition of 1 µM unlabelled hGalanin. Competition binding assays were carried out in assay buffer in the presence of 25 pM [ 125 I]pGalanin, with unlabelled peptides at concentrations of 0.001 nM-100 µM. Membrane protein in each reaction ranged from 4 to 50 µg. Assays were incubated at room temperature (RT) for 1 h and terminated by rapid filtration on to a Whatman GF/C glass microfiber filter [soaked in 0.3% (w/v) polyethyleneimine for a minimum of 2 h] using a Brandel Cell Harvester (Biomedical Research and Development Laboratories, Gaithersburg, MD). The filters were washed three times with ice-cold 25 mM TrisHCl (pH 7.5), 10 mM MgCl 2 and counted in a Wallac gamma counter (Perkin Elmer, Wellesley, MA) at 85% efficiency. All points were assayed in triplicate with each binding assay performed at least twice. The data were analysed by equilibrium binding data analysis (EBDA; Biosoft, Cambridge, UK) and PRISM (GraphPad Software, San Diego, CA) programs.
Results
Modelling of hGALR1
Independent experiments and observations (Baldwin, 1993; Taylor et al., 1994; Herzyk and Hubbard, 1998; Palczewski et al., 2000) and analogy with bacteriorhodopsin (PebayPeyroula et al., 1997; Essen et al., 1998; Luecke et al., 1998 Luecke et al., , 1999a Belrhali et al., 1999; Edman et al., 1999; Sato et al., 1999; Sass et al., 2000) indicate that TM helices of GPCRs are linked in a counter-clockwise arrangement when viewed from the extracellular side of the membrane, with an extracellular N-terminus and a cytoplasmic C-terminus. The most recent 315 electron cryo-microscopy and X-ray crystallography data show that TM4, TM6 and TM7 are almost perpendicular to the membrane, with the other helices more tilted at~30°from normal Palczewski et al., 2000) . It is believed that Cys residues at the top of TM3 and in EC2, that are conserved in most GPCRs and correspond to Cys108 and Cys187 in hGALR1, form a disulphide bond (Dixon et al. 1987; Karnik et al., 1988) .
On the basis of the definition of seven TM helices in candidate GPCR molecules, which derives from analysis of hydropathy from primary sequence and obeyance of the insidepositive rule (von Heijne, 1992) , the rhodopsin subfamily contains a common sequence motif or 'footprint' (Oliveira et al., 1993) . As the hydropathy profiles of hGALR1 were consistent with the assumption of seven TM architecture and the TM domains of bovine rhodopsin, hGALR1 and hGALR2 could be aligned unambiguously against the GPCR footprint residues. In the TM segments defined by Baldwin , there was 25% identity and 90% hydropathic similarity with bovine rhodopsin. The largest departures from the footprint were at Ser78 (TM2; 86% Ala), Met129 (TM3; 60% Ile), Tyr210 (TM5; 70% Phe) and Ser259 (TM6; 71% Cys) . Of five Pro residues in TM or close to TM regions of hGALR1, four occur in the commonly conserved GPCR footprint. Two of these occur in the midregion of TM5 (Pro212) and TM6 (Pro262) and correspond to conserved residues that are structurally important in introducing kinks in the helix axis of the rhodopsin template . It is less likely that the other two conserved Pro residues, which occur in TM4 (Pro169) and TM7 (Pro300), propagate a long-ranging effect in the helix orientation for a major segment of the helix, as Pro169 is located close to the extracellular side and Pro300 occurs close to the cytoplasmic side. A poly-Ala molecular model of the bovine rhodopsin template, constructed from the C α coordinates provided, exhibited the poorest geometry in the C α and backbone parameters around the Pro kinks in TM5 and TM6, but the resultant structure was assessed to be appropriate for further modelling and analysis. The non-ideality results from the introduction of the kinks in the template J.M.Baldwin, personal communication) .
The approximate location of putative galanin binding residues implied that the helix definition used was applicable to hGALR1, with the orientation of TM6 and TM3 consistent with the placement of the ligand binding residues His264 and His267 in TM6 and Phe115 in TM3 on the internal faces of these helices. The alignment of TM7 of bovine rhodopsin with the sequence of hGALR1 suggested that both His289 and Arg285, which are specifically not implicated in ligand binding, would be higher in the helical bundle than Phe115, which has been implicated. As Phe282 occurred, in the original alignment, three residues before the commencement of TM7, a shift of the sequence three residues down TM7 took both Arg285 and Phe282 into the top of the helix, providing a fixed location for the side chain of Phe282, in addition to allowing for more accurate placement for modelling. This deviation also approximates to a turn of the helix, which is consistent with the basis on which the helix was oriented .
The basic tertiary architecture of the model of hGALR1 was defined by transfer of the 7TM backbone coordinates from rhodopsin and placement of side chains. Placement of hGALR1 side chains resulted in steric clashes between a number of side chains due to the change in side chain size at particular positions on the helix backbone. Using the rotamer library for side chain placement significantly reduced the number of poor contacts from 53 to 20 per 100 residues, which is acceptable for structures at 3.5 Å resolution (Laskowski et al., 1993a) . These contacts are generally distributed through the structure and energy minimization was used to assist in relieving them.
A disulphide bond was constructed manually between Cys108 in TM3 and Cys187 in EC2, with its location and orientation being determined on the basis of Cys108, whose position at the top of TM helix 3 was fixed. Stereochemically correct extracellular and intracellular loops were generated between specified helices by fitting of fragments of known protein structure and following energy minimization, the stereochemical quality of the model ( Figure 1A) was consistent with the level of error observed in structures determined experimentally at a resolution of 3.5 Å. The extracellular loops EC1 and EC3 are fairly short (13 and 15 residues, respectively), while EC2 is~2-fold longer (26 residues) but, being connected by a disulphide bond throughout Cys187 to the top of TM3, gives the semblance of two short extracellular loops. The Nterminus of the receptor, comprising~30 residues, would be extending from TM1 into the extracellular space and potentially interact with extracellular loops. However, in the absence of particular information and specific criteria for its placement, the N-terminus was excluded from modelling and, as this domain is not believed to be significant in receptor-ligand interaction (Kask et al., 1996) , its absence should not impair the model's predictive power. The C-terminus of~50 residues is predicted to be anchored to the intracellular side of the membrane by palmitolylation of the conserved Cys320. Neither the N-nor C-termini are large enough to suggest an independent folded domain and therefore may be relatively mobile.
Modelling of galanin and docking of ligand to receptor
Galanin was modelled as an ideal α-helical peptide with a kink at Pro13 and was docked manually with the receptor to satisfy previously reported involvement of hGALR1 side chains in ligand binding. A major constraint in the model was the Cys108-Cys187 disulphide bond, which suggested galanin be placed beneath it. The positioning of the side chains implicated in binding the N-terminus of galanin dictated the depth that the N-terminus of the peptide was buried and it was positioned towards TM6 (His264, His267), with the axis of galanin running between cavity walls of TM3 (Phe115) on one side and TM7 (Phe 282) on the other. The overall orientation of galanin relative to the helical bundle was not unlike that reported previously (Kask et al., 1996) . The kink in the α-helix also promoted the protrusion of the C-terminus of galanin from the helical bundle near or before TM1 and TM2 into the extracellular solvent. Such a result could be consistent with interactions between the N-terminus of the receptor and the C-terminus of galanin.
Following energy miminization/dynamics to refine local stereochemistry, the docking procedure produced a receptorligand complex ( Figure 1A ) which contained minimal deviation from ideality, especially in TM3, EC2 and EC3. Of a total of 264 non-glycine non-proline residues, five residues were in the generously allowed region of the Ramachandran plot, while six were in the disallowed region. Close contacts of galanin are with TM3, TM5 and TM6, suggesting that the binding cavity is constricted in the plane of the peptide axis. The model of galanin binding retains the peptide's α-helical-like conformation, but some unwinding of the N-terminal helix was observed, most likely due to the constriction of the binding cavity, which was reflected in an increased incidence in deviation from stereochemical and geometric ideality of TM3, following docking. The position of the C-terminus of galanin past the kink at Pro13 was not considered significant. It did retain α-helical content and therefore may be considerably more extended. The model does not address interactions of the C-terminus of galanin with the N-terminus of hGALR1 and these cannot be ruled out on the basis of this model.
The narrowness of the binding cavity would be expected to impact the prediction accuracy, especially with respect to the positioning of large side chains. The reproduction of a feasible mode of binding suggested that residues of known importance had not been significantly displaced relative to their counterparts on ligand or receptor, and side chain positioning, consistent with interaction between galanin and residues of hGALR1, was observed for the majority of residues of the peptide previously identified as significant in receptor-ligand interaction (Kask et al., 1996; Berthold et al., 1997) . As anticipated from criteria used for docking galanin, an interaction between Trp2 and the region of the two His residues at the top of TM6 (His264 and His267) was predicted, with Trp2 interdigitating between the His side chains. An interaction between Tyr9 and Phe282 was observed, with their aromatic ring side chains close to that required for hydrophobic interaction. The relative orientation and distances between Glu271 and Gly1 were consistent with a hydrogen bond between these residues, although the accuracy of the model is insufficient to predict confidently the details of such a bond. Spatial proximity suggested that the most likely interaction involving Phe115 of hGALR1 was with Leu10 of galanin in a potential hydrophobic-hydrophobic interaction, although such an interaction would be relatively weak. No single receptor-ligand interaction was suggested for Asn5, although it is close to several side chains containing chemical functional groups with which the amidated carboxyl of Asn5 might interact, including Ser281, Arg285 and His289, as well as His267 and His264.
To ensure that no possible contributions to galanin binding were overlooked, all non-hydrogen atoms of the receptor within 5 Å of galanin were scrutinized. While some side chain interactions may be significant at 5 Å or greater because small rotations of large side chains could bring them closer, others were considered less significant because of their smaller size or constraints of the helices themselves or of the bundling of the helices. The accuracy of the model was sufficient to identify interacting side chains and allow the deduction of probable receptor-ligand interactions through proximity, but its accuracy was insufficient to allow confident prediction of specific atomic contacts. The overall model provided sufficient structural information about the positions of extracellular loops of hGALR1 to consider their structure for the purposes of docking galanin and the prediction of feasible interactions. Predicted interactions involving EC3 suggested that the modelled loop structures were a good functional approximation of native structure. While the predictive accuracy of the model may be influenced by deviation in helix parameters such as helix axis location, orientation around that helix and helix length, these were within experimentally-determined limits for TM α-helices (Bowie, 1997) and we believe them to be broadly accurate. We consider the helices to be oriented to within Ϯ30°and the reproduction of feasible interactions for all putative hGALR1 ligand binding residues provides strong support for this assumption. An approximately correct orientation is also implied by the 'footprint' of highly conserved residues in the rhodopsin-like GPCR subfamily , with these residues being expected to maintain their spatial positioning relative to each other for their collective structural and/or functional importance to be conserved.
Site-directed mutagenesis
A number of significant residues of hGALR1 were clustered near the N-terminus of galanin in its bound position. In addition to His264 and His 267 in TM6 and E271 in EC3, these included Lys198, Val202 and Val206 in TM5, Val170, His173 and Gln174 in TM4 and Phe177 and Phe186 in EC2. For all but Phe186, interactions with the first four residues of galanin were predicted. A role for TM4 in ligand binding has not been suggested previously and contact with the N-terminus of galanin was anticipated. Thr116, Met119 and Leu120 in TM3 and Tyr209 in TM5 were also predicted to interact with the (1-4) region of galanin, but were more deeply buried in the receptor binding cavity. Previous reports of hGALR1 receptors with mutations in TM5 (i.e. Val201Ala, Thr204Ala, Phe205Ala and the adjacent Lys197Ala) still binding galanin with similar to wild-type affinities (Berthold et al., 1997; Kask et al., 1996) are consistent with an important role for another face of the helix. Val274 and Pro279 in EC3, although also meeting the criteria for being in the proximity of the (1-4) region of galanin, were considered less likely to contribute because of the nature of the loop regions. Phe282, Leu283, Arg285 and Ile286 in TM7 and Val274 and Ser281 in EC3 adjoin the Asn5-Gly8 region of galanin. The side chains of Cys88 and Phe91 in TM2, Ile111 and Phe115 in TM3, the disulphidebonded Cys187 and Phe186 in EC2 and Leu283, Arg285 and Ile286 in TM7 were implicated in binding the Tyr9-Gly12 region of galanin. The only other residues within the helical bundle in the vicinity of the region of galanin including Pro13 and beyond are Gln92 (TM2), Ile107 (TM3) and the residues Phe34, Thr36, Leu37 and Phe40 at the N-terminus of TM1. The N-terminus of hGALR1 does not exist in the model. Although the loop regions and C-terminus of galanin were determined with less confidence, the anticipated conformational flexibility which contributes to the lower confidence also suggests a possible role for some residues in EC1.
Six amino acid residues were chosen for mutation to Ala based on the close proximity of their side-chains to the docked galanin peptide in the three-dimensional model of hGALR1 and on specific characteristics different from Ala at positions in the structure for which we have greater confidence. His173, Gln174 and Phe177 rim the TM4 helix and it was considered that a large contribution to ligand binding from one of these may also indicate a preference for the orientation of the helix. Phe186 is next to the Cys108-Cys187 disulphide bond and represents a key pocket created by the disulphide bond and Lys198 in TM5, while Ser281 is in EC3/TM7, next to Phe282, which is implicated in binding ( Figure 1B) . To allow for the potential need for immunodetection of mutant receptors, sitedirected mutagenesis was carried out on an hGALR1 construct containing an acidic FLAG epitope (DYKDDDK) inserted into the N-terminus between amino acid residues 23 and 24 (hGALR1-fl). The hGALR1-fl receptor construct did not exhibit any significant change in affinity for [ 125 I]pGalanin when compared with the wild-type receptor (hGALR1-wt; Figure 2A ). The K d values for hGALR1-wt and hGALR1-fl were 0.65 Ϯ 0.11 and 0.68 Ϯ 0.13 nM, respectively.
Competition binding assays revealed that the binding properties of all the mutant receptors except Phe186Ala were comparable to hGALR1-fl in that they showed subnanomolar affinity for galanin ( Figure 2B ; Table I ). The mutation of Phe186 of hGALR1-fl to Ala led to a 6-fold decrease in affinity for galanin, corresponding to an apparent binding Table I. energy (∆∆G) of 1.06 kcal/mol. Hot saturation binding analysis confirmed the~6-fold decrease in affinity of Phe186Ala for galanin when compared with hGALR1-fl (data not shown).
According to the three-dimensional model of galanin interacting with hGALR1, the Phe186 residue of hGALR1 is within 5 Å of both Ala7 and Leu11 side chains of the galanin peptide 318 in the docked position ( Figure 3 ). As this suggests that Phe186 may interact with one or both of these side-chains during ligand binding, we synthesized two mutant galanin peptides to complement the receptor mutation (Ala7Phe and Leu11Phe) in an effort to recover the loss of binding affinity observed with the Phe186Ala mutant receptor. Radioligand binding , where R is the universal gas constant and T is the absolute temperature. Fig. 3 . Human GALR1 amino acid side chains potentially involved in ligand interactions. Protein backbone colours are as for Figure 1A . Side chains are shown for amino acid residues thought to be involved in galanin binding. Residues identified in previous work (Kask et al., 1996; Berthold et al., 1997) are shown in pink, Phe186 is shown in red and Ser281 and Phe177, which may have weak interactions with galanin, are shown in light blue. Side chains for Trp2, Leu4, Asn5, Ala7, Tyr9, Leu10 and Leu11 of galanin are also shown. The numbering of TM helices is depicted in the inset.
analysis revealed no recovery of binding affinity to the Phe186Ala receptor. The peptides showed the same order of binding affinity to both the hGALR1-fl and Phe186Ala receptor, although each peptide did bind to the mutant construct at a lower affinity when compared with hGALR1-fl (data not shown). Site-directed mutagenesis was extended to the modification of three non-conserved hGALR1 amino acid residues which had previously been shown to have decreased affinity for galanin when mutated (Kask et al., 1996; Berthold et al., 1997) . Phe115, His267 and Glu271 were mutated to the corresponding amino acid residue of hGALR2 in order to determine their potential involvement in receptor subtypespecific binding. Hence, Phe115Ile, His267Ile and Glu271Trp mutations were made to the hGALR1-fl construct and the ability of these mutant receptors to bind hGalanin(1-30), hGalanin(2-30) and hGalanin(1-30) was assessed.
Competition binding assays showed that both hGALR1-wt and hGALR1-fl receptors display a Ͼ100-fold decrease in affinity for hGalanin(2-30) when compared with hGalanin(1-319 30) (Figure 4A and B; Table II), confirming the requirement of GALR1 for an intact N-terminus of galanin for high-affinity binding. hGALR2-wt could be distinguished from hGALR1 by a significantly higher affinity for both hGalanin(1-30) and hGalanin(2-30) ( Figure 4C ; Table II ). Although hGALR2-wt had~8-fold lower affinity for hGalanin(1-30) when compared with hGALR1, it showed only a 90-fold decrease in binding affinity for hGalanin(1-30) and a 4-fold decrease in affinity for hGalanin(2-30) when compared with its affinity for hGalanin(1-30). The His267Ile mutant receptor displayed a pharmacological profile similar to that of both hGALR1-wt and hGALR1-fl ( Figure 4D ; Table II) , while the Phe115Ile mutant receptor bound all galanin ligands with lower affinity than was observed for hGALR1-wt and hGALR1-fl ( Figure 4E ; Table II ). The Glu271Trp mutant receptor bound hGalanin(1-30) with~8-fold greater affinity than hGALR1-fl and hGalanin(2-30) with~5-fold greater affinity ( Figure 4F ; Table II) .
Discussion
Through the development of a three-dimensional model of hGALR1, a number of amino acid residues were identified to have potential interactions with galanin, based on their proximity to side chains of the N-terminal region of the docked galanin peptide. Six residues with specific functional groups for side chains, His173, Gln174, Phe177, Phe186, Lys198 and Ser281, were selected for mutagenesis to Ala, to effect removal of the original side chain while retaining normal stereochemistry (Schwartz et al., 1995) . For all but Phe186, the first four residues of galanin were predicted to be interaction points. The mutant receptors were constructed using hGALR1-fl, as the introduction of the FLAG epitope into the N-terminus of hGALR1 did not interfere with high-affinity binding of galanin (Figure 2A) , consistent with previous experimental observations using the FLAG epitope within the N-terminus of hGALR1 and the deletion of segments of the N-terminus (Kask et al., 1996) .
The 6-fold decrease in receptor affinity for galanin in the mutant Phe186Ala receptor suggests that Phe186 is involved in ligand binding. Given that the theoretical bond energy of an aromatic-aromatic interaction is of the order of 2 kcal/mol (Jorgensen and Severance, 1991) , the change observed with Phe186Ala (1.06 kcal/mol) is consistent with loss of some hydrophobicity (including aromaticity), yet retention of some hydrophobic attraction with the Ala side chain. The position of the Phe186 side chain in close proximity to both Ala7 and Leu11 of the docked galanin peptide in the three-dimensional model of hGALR1 (Figure 3) suggests that hydrophobic interactions of Phe186 of hGALR1 with the galanin peptide -30) (open triangles) were performed as described in Materials and methods using membranes prepared from CHO-K1 cell lines heterologously expressing wild-type hGLAR1 (A), FLAG epitope-tagged hGALR1 (B), wild-type hGALR2 (C), hGALR1 Phe115Ile (D), hGALR1 His267Ile (E) and hGALR1 Glu271Trp (F). The data shown are from a single representative experiment performed in triplicate and depict mean Ϯ SEM. Calculated IC 50 values are shown in Table II. are important. Ala, although much smaller and less hydrophobic than Phe, retains hydrophobic properties.
The Phe186 residue of hGALR1 is situated in an extracellular loop (EC2) in an area constrained by a conserved Cys residue 320 which is predicted to be involved in a disulphide bond. We believe that this loop must be positioned adjacent to or above galanin in the bound state. This finding suggests that a large peptide, such as galanin, interacts with residues widely distributed throughout the surface of the receptor and that residues within extracellular loops provide points of interaction in addition to those at the top of the TM regions. Moreover, as EC2 is thought to be involved in a disulphide bond in most GPCRs (Jackson, 1991) , this particular extracellular region may be maintained in a relatively fixed structure. The fact that the use of peptides with reciprocal mutations to the Phe186Ala mutation did not recover the loss of binding affinity observed with the mutant receptor also indicates a requirement for the native conformation of the specific binding interactions. The existence of additional specific binding interactions was further suggested by the results obtained with the Phe177Ala and Ser281Ala receptors, each of which exhibited an approximate two-fold decrease in binding affinity, imparting 0.4-0.5 kcal/mol binding energy (Table I) . Such minor changes, reflecting weak interactions of specific receptor residues with the ligand, could potentially have an additive effect and contribute cooperatively to ligand binding. GALR1 and GALR2 can be distinguished pharmacologically by differential binding affinities for galanin fragments and modified galanin peptides and we have investigated the molecular basis for the ability of hGALR1 and hGALR2 to discriminate between such subtype-selective ligands by analysing the pharmacological profile of hGALR1 mutants containing hGALR2 amino acid residues at non-conserved positions which are proposed to interact with the N-terminus of galanin (Kask et al., 1996; Berthold et al., 1997) . Mutation of both His264 and His267 to Ala has been shown previously to result in total loss of galanin binding (Kask et al., 1996) , leading to the suggestion that one or both of these hGALR1 amino acid residues interacts with Trp2 of galanin. In our analyses, the pharmacological profile of His267Ile was observed to be consistent with that of hGALR1-wt and hGALR1-fl, suggesting that this receptor alteration does not interfere with receptor structure or with energetically important receptor-ligand interactions. Moreover, the His267Ile mutation did not confer hGALR2-like binding properties on hGALR1. This result would suggest that it is His264 which is involved in the receptor interaction with Trp2 of galanin. Indeed, His264 is conserved in all known galanin receptors, suggesting a critical role in galanin binding in all galanin receptor subtypes. His267 may, instead, play an indirect role in galanin binding, with the presence of a large side chain at this location perhaps permitting the energetically significant Trp2-His264 interaction by excluding solvent or it may also be important for structural conformation or stabilization of the active binding state of hGALR1, as is suggested by the total abolition of functional signalling of the His267Ala mutant receptor (Berthold et al., 1997) . It is possible that Ile in place of His267, unlike Ala, is able to maintain the structure of hGALR1 such that it can continue to facilitate the conformational changes necessary for ligand binding and G protein coupling. It would be of interest to determine the pharmacological profile of hGALR2 receptors with Ala mutations at the His and Ile residues that correspond to the His264 and His267 residues of hGALR1.
It has previously been proposed that Phe115 interacts with the free N-terminus of Gly1 in the docked conformation of galanin in the binding pocket of hGALR1 (Berthold et al., 1997) . Although it is true that the 10-fold drop in affinity associated with substituting Phe115 for Ala corresponds to a weak interaction, our model does not support this interpretation. The distance between the ring centroids of Phe115 and His264 in our model is 19 Å, considerably greater than the distance between Trp2 and Gly1 of galanin, suggesting that both Trp2-His264 and Gly1-Phe115 interactions are incompatible with a final bound conformation. It is possible that Phe115 may interact with Gly1 as an intermediate to docking, rather than in the final bound conformation, but the manner in which such an interaction would facilitate docking is unclear. Furthermore, the binding results obtained in this study show that the presence of Ile at position Phe115 of hGALR1 hinders binding of native galanin, in addition to hGalanin(2-30) and [DTrp2] hGalanin(2-30). As Phe115 is some distance from the location of the modifications to the galanin peptide it is possible that, rather than being involved in direct ligand interaction, Phe115 is of structural importance to the ligand binding pocket of hGALR1 and the introduction of Ile at this position could interfere with the structural integrity of the receptor. As Ile is a smaller residue than Phe, it is not likely that Ile cannot be accommodated within TM3 and, indeed, the model shows that Phe115 is not in close proximity to neighbouring TM3 residues. However, mutation of Phe115 may disrupt an important helix-helix interaction. Interestingly, recent studies carried out on the m1 muscarinic acetylcholine receptor suggest that a number of residues in TM3 of this receptor are involved in intramolecular contacts and contribute to the stability of the receptor structure (Lu and Hulme, 1999) . Alternatively, interaction of Phe115 with Leu11 of galanin is also feasible. Such an aromatic-aliphatic interaction would also be relatively weak, consistent with the drop in binding associated with the Phe115Ala mutation and would account for the loss of affinity for not only native galanin but also the analogues hGalanin(2-30) and hGalanin(2-30) .
The finding that placement of Ile in position 115 of hGALR1 does not facilitate increased binding affinity for GALR2-specific ligands would suggest that this Ile residue present in the corresponding position of hGALR2 is not involved in hGALR2 ligand binding. However, the fact that Ile is present at this position in hGALR2 further supports the idea that hGALR1 and hGALR2 have distinct structures and it is not possible to rule out an involvement in the binding process. The structures of hGALR1 and hGALR2 could involve rotation and displacement of the helices in the helical bundles relative to each other. Differences between the two receptor subtypes are predicted, as there are a sufficient number of variable amino acid residues between the subtypes which would dictate alternative packing of the receptor protein helices within the membrane.
Data obtained from radioligand binding analysis of the Glu271Trp mutant receptor suggest that there are some similarities between galanin binding to hGALR1 and hGALR2, at least in terms of relative positioning of the interacting Nterminus of the galanin peptide. As mentioned above, it has previously been suggested that the N-terminus of galanin interacts with Phe115 of hGALR1 (Berthold et al., 1997) , on the basis of a complex set of experiments postulated to refute the interaction of Glu271 with the N-terminus of galanin. However, these experiments may require more sophisticated analysis owing to the possibility of unanticipated rearrangements of receptor residue side chains and we propose that the free N-terminus of the galanin peptide is indeed interacting with Glu271 of hGALR1, as originally suggested (Kask et al., 1996) . By placing a Trp residue at position 271 of hGALR1 we have observed an increase in affinity for hGalanin and hGalanin(1-30) , while the affinity for hGalanin(2-30) is unchanged in comparison with hGALR1-fl. Glu271Trp, therefore, allows the absence of the N-terminus of galanin and the presence of in galanin to be accommodated within the receptor, thereby conferring a GALR2-like affinity for both of the galanin analogues. We postulate that a large Trp residue in place of Glu271 is able to undergo a hydrophobic interaction with the positive N-terminus of Trp2 in hGalanin(2-30) in a similar way that Glu271 interacts with the positive N-terminus of hGalanin(1-30) in wild-type hGALR1. However, as Glu has a much smaller side chain than Trp, Glu271 is not able to interact with the N-terminally truncated galanin peptide, resulting in a decreased affinity of hGALR1 for hGalanin . We also propose that placement of D-Trp in position 2 of galanin causes an interruption of the stabilization of the Nterminus of the galanin peptide and a disruption of the peptide helix. This alteration would mean that the N-terminus is further away from the residue at position 271 of hGALR1 than when the native peptide is docked to the receptor. The predicted modification would explain the observed decrease in binding of the hGalanin(1-30) peptide to hGALR1 in comparison with native hGalanin(1-30). The Trp in the Glu271Trp receptor is presumably able to interact with the N-terminus to some extent, while the smaller Glu residue in the native receptor cannot maintain an interaction with the displaced N-terminus.
The root mean square difference in Cα atoms between the model of hGALR1 developed in this work and the chain A in the crystal structure of bovine rhodopsin is 3.2 Å for 198 pairs of C α atoms in the helical regions and for backbone atoms, while chain B is 3.1 Å for C α atoms and 3.0 Å for backbone atoms from 191 pairs of residues (Palczewski et al., 2000) . Given the overall quality of our model, this level of similarity suggests the model to be useful for the purpose for which it was generated. The most major deviations overall are in the loop structures. Specifically, in rhodopsin the EC2 loop traverses the region that represents the binding cavity for the N-terminus of galanin in hGALR1, with the EC2 loop of hGALR1 being positioned above the ligand. As the experimental evidence is consistent with a role for Phe115, which occurs below the disulphide bond, in maintaining the integrity of the ligand binding site, this suggests that the N-terminus of galanin is at or about the depth of EC2 in rhodopsin and the Cys108-Cys187 disulphide bond analogous to that in rhodopsin must therefore represent a 'lid' on the ligand. Similarly, EC1 in rhodopsin is in the region in which the C-terminus of galanin exists. This places EC1 of hGALR1 external to the position of EC1 in the rhodopsin crystal structure. In turn, the positioning of EC2 in hGALR1 is not consistent with the location of the N-terminus of rhodopsin. However, all these observations are consistent with the additional requirement of 322 hGALR1 to bind galanin and the EC2 region of rhodopsin demonstrates that the overall architecture of the helical bundle has flexibility adequate to contain ligand in this region.
A number of side chains suggested by the model to be involved in receptor-ligand interaction have been examined previously. For example, Phe205 in TM5 is implicated in our model but no significant effect on galanin binding has been noted with the mutation Phe205Val (Berthold et al., 1997) . It is possible that Val may rescue some of the hydrophobic character of the Phe side chain in this case. The precise role of Asn5 of galanin in binding interactions is also uncertain. Although it is in approximately the same area as Arg285 and His289 of hGALR1, the available data suggest that these residues do not contribute significantly to galanin binding affinity (Berthold et al., 1997) . This may suggest either the presence of unidentified ligand binding residues in hGALR1 or some indirect modulation of ligand binding.
It has been suggested that G protein-coupled receptors may switch between two or three different conformational states in vivo, depending on their state of ligand binding or receptor activation (Strange, 1998; Surya et al., 1998) . Shifts between these conformational states may involve vertical movement of the helices relative to each other, particularly of TM3 and TM6, as has been seen in rhodopsin (Farrens et al., 1996) and, interestingly, both of these TM domains of hGALR1 contain important ligand binding residues. More recently, it has also been suggested that dynamic movement of the loop regions may be of functional importance in guiding ligands into the binding cavity (Colson et al., 1998) .
In summary, we have utilized an integrated molecular modelling and mutagenesis approach to identify specifically residues of hGALR1 that contribute to galanin binding and residues of hGALR2 that are determinants of receptor subtype specificity for analogues of galanin that discriminate between hGALR1 and hGALR2. The mutagenesis studies indicate that the comparative model developed in this work provides an approximation of the interaction of ligand and receptor satisfactory for further predictive analysis.
